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Abstract.  The biochemical events and components 
responsible for ATP-dependent Ca2+-activated  secretion 
remain to be identified.  To simplify the molecular dis- 
section of regulated secretion, we have resolved nor- 
epinephrine  (NE) secretion from semi-intact PC12 
cells into two kinetically distinct stages, each of which 
was studied separately to discern its molecular re- 
quirements.  The first stage consisted of MgATP- 
dependent priming of the secretory apparatus  in the 
absence of Ca  2+. MgATP-dependent priming  was read- 
ily reversible and inhibited by a broad range of protein 
kinase inhibitors.  The second stage consisted of 
Ca2+-triggered  exocytosis which,  in contrast to prim- 
ing,  occurred in the absence of MgATP.  Both priming 
and triggering were found to be dependent upon or 
stimulated by cytosolic proteins.  The priming and trig- 
gering activities of cytosol were functionally distinct 
as indicated by differing thermolability.  Furthermore, 
active components in cytosol resolved by gel filtration 
were found to support either priming or triggering,  but 
not both. For both priming and triggering  reactions, 
several peaks of activity were detected; one of each 
type of factor was partially purified from rat brain 
cytosol, and found to be enriched for stage-specific 
activity. Two partially purified factors exhibiting stage- 
specific activity, a  ~,,20-kD  priming  factor and "o300- 
kD triggering factor, were able to support regulated 
secretion as effectively as crude cytosol when used se- 
quentially in the partial reactions.  Further character- 
ization of stage-specific cytosolic factors should clarify 
the nature of MgATP- and Ca2+-dependent  events in 
the regulated secretory pathway. 
T 
wo major obstacles to biochemical studies of regulated 
secretion are the inaccessibility  of the secretory appa- 
ratus in intact cells, and the failure of cell-free systems 
to preserve the structural  integrity  required for secretory 
function.  These obstacles have been overcome with perme- 
abilized cell models, which have revealed some general bio- 
chemical requirements  for regulated secretion.  Norepineph- 
rine (NE)  1 secretion from digitonin-permeabilized  adrenal 
chromaffin  cells has been found to be dependent on Ca  2+ 
and MgATP (Dunn and HoLz, 1983; Wilson and Kirshner, 
1983) as well as cytoplasmic proteins (Sarafian et al., 1987). 
Recent studies  have begun to identify and characterize  the 
cytoplasmic proteins required for regulated  secretion from 
permeabilized cells (Ali et al.,  1989;  Martin and Walent, 
1989; Wu and Wagner,  1991; Sarafian et al.,  1991; Morgan 
and Burgoyne,  1992; Walent et al.,  1992). 
The biochemical events  responsible for ATP-dependent 
Ca2+-activated secretion remain to be elucidated.  However, 
some progress  has  been made in  ordering  the ATP-  and 
Ca2+-dependent steps relative to one another.  Holz and col- 
laborators suggested  that  MgATP  may act before Ca  2§ to 
1. Abbreviation  used in this paper:  NE, norepinephrine. 
maintain  a  "primed"  state  of the  secretory apparatus  in 
digitonin-permeabilized  chromaffin cells (Holz et al., 1989). 
In  streptolysin-O-permeabilized mast cells,  Howell et al. 
(1989) found that ATP was required to maintain a high affin- 
ity of the response system for Ca  2+ and GTP~/S, but was not 
required for the final stages of triggered  exocytosis.  Simi- 
larly, in Paramecium it was concluded that ATP was required 
to prime the system but was not required for the exocytotic 
event per se (Vilmart-Seuwen  et al.,  1986; Lumpert et al., 
1990).  These studies  in diverse systems suggest  that  ATP 
acts  before  Ca  2+  in  the  pathway  of regulated  secretion. 
However, a requirement for cytoplasmic proteins  in poten- 
tially distinct  ATP- and Ca2+-dependent steps has not been 
investigated. 
Other membrane trafficking events have been successfully 
reconstituted  and dissected in vitro.  Cell homogenates and 
semi-intact  cells have been used to study vesicle-mediated 
protein transport from the ER to Golgi (Beckers et al., 1987; 
Baker et al., I988; Ruohola et al., 1988), intra-Golgi  trans- 
port (Balch et al.,  1984), endosome fusion (Braell,  1987), 
and fusion of constitutive  vesicles  with the plasma mem- 
brane (Helms et al., 1990; Miller and Moore, 1991). In each 
of these cases, a requirement for cytoplasmic proteins has 
￿9  The Rockefeller  University Press, 0021-9525/92/10/139/13  $2.00 
The Journal of  Cell Biology, Volume 119, Number 1, October 1992 139-151  139 been established,  and several of these proteins have been fur- 
ther characterized  (reviewed by Rothman and Orci,  1992). 
Additionally, membrane transport processes have been fur- 
ther dissected into the sequential formation and consumption 
of several  intermediates  within  an  overall  transport  step. 
These putative intermediates  have been detected based either 
on their accumulation  at reversible transport blockpoints or 
their passage beyond points of sensitivity to inhibitors  or re- 
quirements for specific proteins.  In intra-Golgi transport, an 
intermediate  was  identified  whose consumption  required 
much less cytosol than  its production (Wattenberg  et al., 
1986).  Cytosolic factors operative in the production and 
consumption of the intermediate  were resolved by chroma- 
tography (Wattenberg and Rothman,  1986). 
In the present study, we describe the resolution of MgATP- 
dependent Ca2+-activated secretion into two sequential stages 
based on different requirements for Ca  2§ and MgATP. During 
the first stage (priming), a labile MgATP-dependent interme- 
diate accumulates  in the absence of Ca  2§  Cae§ 
consumption of this intermediate  (triggering) results in rapid 
MgATP-independent  secretion.  Semi-intact  NE-secreting 
PC12 cells were used for these studies.  Because the semi- 
intact cells can be easily depleted and reconstituted with 
cytosolic proteins,  it was possible to demonstrate that both 
priming  and triggering  were dependent upon or stimulated 
by cytosolic proteins.  Furthermore, it was shown that the ac- 
tive cytosolic proteins supported either priming  or trigger- 
ing,  but not both.  Several  peaks of stage-specific  activity 
were resolved by gel filtration,  and two were further puri- 
fied,  a •20-kD  priming factor and a  ~300-kD triggering 
factor. 
Materials and Methods 
Preparation of Semi-intact PC12 Cells 
PC12 cells were maintained on 100-ram dishes in DME essentially as de- 
scribed (Lomneth et al., 1991). Cells were subeultured every 5 d and used 
in experiments between passages 25 and 60. 
Cells were labeled with [3H]NE by supplementing the growth medium 
with 0.5  #Ci/mi [3H]NE  (Amersham Corp., Arlington Heights, IL) and 
0.5 mM sodium ascorbate for an overnight incubation at 37~  (12-16 h). 
Unincorporated [3H]NE was removed by aspirating the medium and rins- 
ing the cells twice with 8 ml of DME containing 0.1% BSA in place of se- 
rum. The cells were further rinsed twice by incubation for 1 h with the BSA- 
containing DME at 370C. 
Cells were depleted of  intracellular ATP by rinsing them twice with PC12 
buffer (25  mM Hepes, pH 7.3, 70 mM sucrose, 130 mM NaC1, 4.8 ram 
KC1, 1.3 mM CaC12, and 1.2 ram MgSO4)  and incubating for 10 rain at 
37~  with PC12 buffer containing 0.2 mM iodoacetic acid (sodium salt) and 
0.1  #M  antimycin  A.  This  ATP  depletion  step  reduced  the  MgATP- 
independent secretion from semi-intact cells and thus accentuated their de- 
pendence on MgATP-dependent priming. However, this treatment did not 
affect the optimal secretory output of the semi-intact cells, nor was it re- 
quired for priming to be observed. For example, the experiment in Fig. 4 
used semi-intact cells prepared from PC12 cells not treated with metabolic 
inhibitors. 
Cells were harvested from the dishes by pipetting with ice-cold KGIu 
buffer (20 mM Hepes, pH 7.2, 120 mM potassium glutamate, 20 mM potas- 
sium acetate, 2  mM EGTA,  and 0.1% BSA).  Subsequent manipulations 
were at 0-4~  unless noted. The cells were permeabilized by a single pas- 
sage through a stainless steel ball homogenizer consisting of a 0.3747-inch 
bored chamber and a 0.3746-inch tungsten carbide ball. This procedure, 
called "cell cracking," results in a large tear in the surface membrane of cells 
(Martin, 1989; Martin and Walent, 1989).  Despite a high degree of perme- 
ability to solutes and macromolecules, cracked cells retain intracellular 
functional and structural integrity (Martin, 1989; Martin and Walent, 1989; 
Lomneth et al., 1991). Permeabilization was 95-100% as assessed by trypan 
blue staining. After permeabilization, semi-intact cells were adjusted to 11 
mM EGTA and incubated 1-2 h to fully extract soluble components. Semi- 
intact cells were then rinsed 3 times by centrifugation at 800 g  for 5 rain 
and resuspension in KGIu buffer. 
Priming and Triggering Incubations 
Priming incubations were conducted for 30 rain at 30~  in 200 t~l KGlu 
buffer containing 2  x  106 semi-intact cells, 2 mM MgATE and ,-ol mg/ml 
rat brain cytosol. When larger numbers of primed semi-intact cells were 
needed,  priming  reactions were  scaled up proportionally.  Priming was 
found to be optimal by 30 rain of incubation (not shown). The ECs0 of 
priming for MgATP was '~300 ~M (not shown). Batches of rat brain cytosol 
varied in their specific activities, so optimal doses were determined for each 
batch. For most experiments crude rat brain cytosol was used, but in others 
we substituted dialyzed rat brain cytosol (cutoff: 12-14 kD), bovine adrenal 
medulla cytosol, or partially purified cytosolic proteins. 
Priming reactions were terminated by chilling 3 rain on ice, and semi- 
intact cells were rinsed free of MgATP and cytosol by centrifugation for 1 
rain at 2,000 g at 4~  and resuspension in KGlu buffer. A single centrifuga- 
tion and resnspension  reduced MgATP levels sufficiently to prevent residual 
MgATP from contributing to triggering reactions (see Fig. 3). However, in 
many experiments, one or two additional washes were used to remove resid- 
ual cytosolic proteins. 
Triggering was conducted for 3 rain at 30~  in 200/~1  of KGIu buffer 
containing 1 ￿  104 semi-intact cells, 1 /~M free ionic Ca  2+ (calculated as 
in Ronning and Martin,  1985),  and 0.5-1.0 mg/ml rat brain cytosol. The 
EC50 of triggering for Ca  2+ was '~  nM (not shown). The optimal dose 
of cytosol varied between cytosol batches. Triggering was carried out with 
crude cytosol, dialyzed cytosol, or partially purified cytosol proteins. 
Triggering incubations were terminated by chilling 3 min on ice, followed 
by centrifugation at 2,000 g for 40 rain at 4~  The released [3H]NE in the 
supernatant was removed and quantitated by scintillation counting.  Cell 
pellets were dissolved in  1%  Triton X-100  to quantitate the [3H]NE  re- 
tained by the cells. A typical triggering reaction had a total of 5-10  ￿  103 
cpm (3H) in the supernatant and pellet. 98% of the radioactivity retained 
and released by the semi-intact cells was present as NE (Lomneth et al., 
1991). 
Preparation of Cytosol 
Cytosol was prepared by homogenization of tissue in "~  vols of ice-cold 
homogenization buffer consisting of 20 mM Hepes, pH 7.0, 0.25 M sucrose, 
2 mM EGTA, 2 mM EDTA, 0.1 mM DTT,  0.4 mM PMSF, and 0.5 ~g/mi 
leupeptin. Homogenates were centrifuged at 30000 g for 30 rain followed 
by centrifugation at 100,000  g for 90 rain, at 4~  Cytosols were stored at 
-20~ 
Gel Filtration Chromatography 
Cytosols were concentrated to 30-40 mg/ml and 2 mi was loaded onto a 
50 cm x  2 cm  2 Superose 12 colunm (Pharmacia LKB, Uppsala, Sweden) 
equilibrated with KGlu buffer lacking BSA at a flow rate of 0.5 ml/min. 
2-min fractions were collected starting 60 rain after injection. Fractions 
were held on ice for 1 wk or more while experiments were conducted, with 
no apparent loss of activity. The overall recoveries of priming and triggering 
activity in the gel filtration experiments shown in Fig. 7 were 21 and 128%, 
respectively, for adrenal, and 80 and 2 %,  respectively, for brain.  These 
values should be considered approximate since the yield of activity ap- 
peared to vary significantly depending upon the volume of each fraction as- 
sayed, indicating that the assay conditions were nonlinear. The values listed 
were calculated using the most limiting volumes tested, however, equally 
limiting volumes were not tested in each case. Also, the degree to which 
inhibitory cytosolic components affected the apparent recovery of activity 
is not known. 
Purification of Cytosolic Priming and 
Triggering Factors 
The partial purification of a 20-kD priming factor was carried out in con- 
junction with a I>145 purification (Walent et al., 1982), using the same start- 
ing material and initial chromatography steps. Cytosol from 500 rat brains 
was prepared as above, except that the following additional protease inhibi- 
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ttg/ml  E-64,  and  1  ttg/ml calpain inhibitor II  (Boehringer Mannheim 
GmbH, Mannheim, Germany). The eytosol ("~1.35 liters) was diluted to 
2 liters with deionized water, loaded onto a 500-ml DEAE cellulose column 
(resin  DE52,  Whatman  Ltd.,  Maidstone,  England)  equilibrated  with 
DEAE buffer (20 rnM Tris, pH 7.0, 2 mM EGTA, 0.1 mM DTT, 0.4 mM 
PMSF, and 0.5 ttg/mi leupeptin), and the flowthrough was collected. Bound 
proteins were then eluted with DEAE buffer containing 0.3 M KC1. Both 
DEAE flowthrough and eluted pools contained priming activity, indicative 
of the presence of several distinct priming factors in brain cytosol.  Only the 
0.3  M  KC1 eluate was  carded forward.  After extensive  dialysis  against 
DEAE buffer,  the fraction was adjusted to 6  mM CaC12 and 20/~g/mi 
leupeptin, loaded onto a 400-ml phenyl-Sepharose column equilibrated in 
A buffer (20 mM "Iris, pH 7.0, 2 mM CaCl2, 0.1 mM DTT, 0.4 mM PMSF, 
and 0.5/~g/ml leupeptin),  and the flowthrough was collected.  The column 
was eluted sequentially with B buffer (A buffer plus 1 M NaCI), and C buffer 
(A buffer lacking CaCI2 and containing 2 mM EGTA).  Most of the recov- 
ered priming activity was in the C buffer eluate.  Further washing of the 
column with E buffer (A buffer plus 50% ethylene glycol) and D buffer (C 
buffer plus 50% ethylene glycol) failed to elute significant priming activity. 
At this point, the purification  of priming activity differed from the p145 
purification which used the D wash from phenyl-Sepharose (Walent et al., 
1992). Priming activity in the C fraction was concentrated and gel filtered 
on Superose  12 as described above. >83% of the recovered priming activity 
eluted with an apparent molecular mass of 20 kD. Fractions from the 20-kD 
region were analyzed by SDS-PAGE, and found to be simplified relative to 
cytosol,  consisting of at least 10 protein bands (not shown).  Only one pro- 
tein band (32 kD) identically co-eluted with the priming activity; however, 
it remains to be established whether that protein is responsible for activity. 
A pool of the active fractions was characterized for priming and triggering 
activity  (see Fig.  9 A). 
p145-containing  fractions  generated  by  DEAE  cellulose  and  Ca  2§ 
dependent phenyl-Sepharose chromatography (see  above)  were  further 
purified by Matrex Green dye affinity chromatography (Amicon Div. W. R. 
Grace and Co., Danvers, MA) as described (Walent et al., 1992). Fractions 
at this level of purity (5-15%) from several p145 purifications wore tested 
for priming and triggering activity. See Fig. 9 B for results from a represen- 
tative experiment. 
Data Presentation 
Basal NE release and cell losses during priming and associated  manipula- 
tions affected the total [3H]NE present during triggering.  To compensate 
for differences in the total cell-associated  [3H]NE added to triggering reac- 
tions, the secreted [3H]NE was expressed as a percent of the total [3H]NE 
in each individual reaction.  The observed effects of priming and triggering 
were not dependent upon data normalization. When the data were expressed 
as  [3H]NE  secreted on  a  per cell basis,  the results  were  qualitatively 
similar. 
For experiments involving cytosolic  protein stimulation of NE release, 
the results are expressed as the percent of maximal cytosol-dependent activ- 
ity: the difference in percent [3H]NE released between omission and inclu- 
sion of a particular fraction was divided by the difference between omission 
and inclusion of a maximally effective quantity  of rat brain cytosol, and 
multiplied by 100. For recovery estimates, 1 U of priming or triggering ac- 
tivity was defined as the activity required to stimulate NE secretion by 1% 
of the maximal cytosol-dependent activity. 
Experiments shown are representative of at least two  similar experi- 
ments.  Most of the data represent the mean of duplicate determinations 
within the same experiment. The range is indicated by a bar when larger 
than the symbol size. 
Materials 
Unless otherwise noted, chemical reagents were from Sigma Chemical Co. 
(St. Louis, MO). Okadaic  acid and staurosporine were from Calbiochem 
Corp.  (LaJolla,  CA),  lavendustin A and genlstein were from Gibco BRL 
(Gaithersburg,  MD), and K252a was from Kamiya (Thousand Oaks, CA). 
H-7 was purchased from Sigma Chemical Co.  After completion of this 
v~rk, Sigma Chemical Co. reported that H-7 produced in their laboratories 
appeared to be 1-(5-isoquinolinylsulfonyl)-3-methylpiperazine  rather than 
1-(5-isoquinolinylsulfonyl)-2-methylpiperazine  as originally described (Hi- 
daka et al.,  1984). 
Results 
Sequential MgATP- and Ca  2§  Steps in 
Regulated Secretion  from Semi-intact PC12 Cells 
Permeabilization  by  cell  cracking  results  in the virtually 
complete  depletion  of  soluble  cytoplasmic  factors  with 
maintenance  of a high degree of normal cytoplasmic ultra- 
structure (Martin,  1989; Martin and Walent,  1989). Secre- 
tion from washed semi-intact GH3 and PC12 cells permeabil- 
ized by  this method was  found to require  Ca  2+,  MgATP, 
and cytosol proteins (Martin and Walent, 1989; Lomneth et 
al.,  1991).  However,  Ca2+-activated secretion  from semi- 
intact PC12 cells was not completely dependent on MgATP 
addition.  About half of the optimal Ca2+-activated [3H]NE 
secretion elicited by Ca  2+, MgATE and cytosol occurred in 
the absence of added MgATP (Fig.  1 B, o vs Fig.  1 A, zx). 
A possible explanation for this MgATP-independent compo- 
nent was that MgATP and Ca  2+ acted separately in sequen- 
tial steps, and that MgATP-independent secretion arose from 
an  intermediate  which  had  already  passed  the  MgATP- 
dependent step(s).  A similar explanation was originally sug- 
gested by Holz et al.  to account for a MgATP-independent 
component  of  Ca2+-activated  secretion  from  digitonin- 
permeabilized  chromaftin cells (Holz et al.,  1989). 
If MgATP acted before Ca  2+, it should be possible to re- 
constitute  the MgATP-dependent and Ca2+-dependent steps 
sequentially. To test whether secretion could pass the MgATP- 
dependent  step(s)  in the absence of Ca  2+, semi-intact PC12 
cells were preincubated with MgATP and cytosol in an EGTA 
buffer containing <1 nM-free Ca  2+. We refer to the MgATP- 
preincubated semi-intact cells as "primed: As shown in Fig. 
1, Ca2+-activated NE secretion from primed (Aeu) and un- 
primed  (zxo[]) semi-intact  cells  was  markedly  different. 
Priming  with MgATP enhanced  the initial  rate of optimal 
Ca2+-activated (Fig.  1 A, ￿9 vs zx) NE secretion.  Significantly, 
both the initial rate and final extent of MgATP-independent 
Ca2+-activated (Fig.  1 B, ￿9 vs o) NE secretion  were greatly 
enhanced  by priming.  The increase  in the initial  rate and 
MgATP-independence  of Ca2+-activated NE secretion  indi- 
cated  that a rate-limiting  MgATP-requiring  step  occurred 
during the priming preincubation with MgATP and cytosol. 
Enhanced  Ca2+-activated secretion  from  primed  semi- 
intact  cells  may  represent  the consumption of a  MgATP- 
dependent intermediate generated during the preincubation. 
Since the enhanced  secretion  was very rapid and MgATP 
independent, optimal detection of this component used brief 
MgATP-free  "triggering" incubations  containing  Ca  2+ and 
cytosol. Priming and triggering incubations are shown sche- 
matically  in Fig. 2. 
Palming and triggering incubations resolved MgATP-depen- 
dent Ca2+-activated secretion into two sequential  stages,  ei- 
ther of which could be independently manipulated. As shown 
in Fig. 3, both stages were required for the reconstitution of 
Ca~+-activated NE release  since leaving the reaction at a re- 
duced temperature during either stage resulted in a marked 
decrease  in NE secretion  (bars 1 vs 5 and 2 vs 5). Priming 
was entirely dependent upon MgATP (bar 3 vs 5), whereas 
triggering only occurred in the presence of Ca  2+ (bar 4 vs 5). 
Only  MgATP  served  as a substrate for priming;  MgGTP, 
MgCTP, and MgITP failed to substitute (Table I). Both mag- 
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Figure L Time course of Ca2+-activated NE secretion from MgATP-primed and unprimed semi-intact cells. Semi-intact cells were either 
primed (Ae.) by preincubation with 2 mM MgATP and 1 mg/mi rat brain cytosol, or left on ice as a control (z~oD). Primed semi-intact 
cells were centrifuged and resuspended to remove MgATP and cytosol. Aliquots of 1 x  106 primed or unprimed semi-intact cells were 
distributed to secretion reactions of 3 types: (,4) optimal Ca2+-activated (azx) secretion incubations containing 1 /~M free ionic Ca  2+, 2 
mM MgATP, and 0.5 mg/ml rat brain cytosol; basal (roD) incubations with KGIu buffer only; and (B) MgATP-independent  Ca~+-activated 
(eo) incubations containing Ca  2+ and cytosol. Secretion reactions were incubated for the indicated times at 30~  chilled, and [3H]NE 
release was determined. 
Priming 
Semi-intact  Cells 
MgATP+ 
Cytosol 
chill 3 rain 
wash semi.intact  cells 
Triggering 
Semi-intact  Cells 
Ca2*+ 
Cytosol 
Figure 2.  Diagram of the se- 
quential partial reactions rep- 
resenting regulated secretion. 
MgATP  is  shown to  prime 
semi-intact cells for the pro- 
cess of Ca:+-triggered secre- 
tion.  Both priming and trig- 
gering require the presence of 
cytosolic  proteins.  Priming, 
30 min,  30~  triggering,  3 
rain, 30~ 
nesium and ATP were required for MgATP-dependent prim- 
ing, and nucleotide hydrolysis appeared to be required since 
the  nonhydrolyzeable ATP  analogs  adenylylimidodiphos- 
phate and adenylyl (/3,7-methylene) diphosphonate did not 
support priming (not shown). 
An important aspect of this two-stage system was that the 
essential  components  for either partial  reaction were ex- 
cluded from the other. Ca2+-dependent  processes were ex- 
cluded during priming by the presence of 2 mM EGTA, and 
MgATP-dependent processes were excluded during trigger- 
ing by the prior wash-out of nucleotides. The lack of depen- 
dence of triggering on MgATP did not result from residual 
MgATP from priming preincubations or from cytosol, nor 
from ATP production by the semi-intact cells, since inclu- 
sion of a MgATP depletion system during triggering failecl 
to diminish secretion from primed semi-intact cells (Fig. 3, 
bar 5 vs 7).  More extensive washing of primed semi-intact 
cells or the use of dialyzed cytosol during triggering reac- 
tions  did  not  diminish  secretion,  further  indicating  that 
MgATP-dependent events did not contribute to triggering 
(not shown). A previous study had determined that the avail- 
able MgATP levels in washed semi-intact PC12 cells were 
~10/~M, well below the concentration required to stimulate 
secretion (Lomneth et al.,  1991). 
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Figure 3. Dependence of priming and triggering on elevated tem- 
perature,  MgATP, and Ca  2+. To enable the NE secretion shown in 
bar 5, all requirements for priming and triggering were provided. 
Bars 1-4 show the result of  omitting one of  the required components 
from either priming or triggering reactions: bar I, priming reaction 
was held on ice; bar 2, triggering reaction was held on ice; bar 3, 
MgATP was omitted from priming reaction; bar 4, Ca  ~+ was omit- 
ted from triggering reaction.  Bars 6 and 7 demonstrate that trig- 
gering was not dependent upon possible trace amounts of MgATP 
present in the absence of MgATP addition. After priming (bar 6, 
priming reaction was held on ice; bar 7, priming was conducted 
normally),  semi-intact cells were centrifuged,  resuspended,  and 
added to triggering reactions supplemented with 5 U/ml hexoki- 
nase, 10 mM glucose, and 2 mM MgC12. The hexokinase-contain- 
ing triggering reactions were incubated at 30~  for 4 rain: 1 rain 
in the absence of Ca  2+, followed by the usual 3 min after Ca  z+ ad- 
dition. The 1 rain before Ca  2+ addition was included to allow hexo- 
kinase time to hydrolyze trace MgATP before secretion was trig- 
gered. Hexokinase was capable of depleting milllmolar quantities 
of MgATP under these conditions, as assessed by nucleotide analy- 
sis with TLC (not shown). Inclusion of hexokinase activity resulted 
in a slight enhancement of Ca2+-triggered NE release. 
Priming Is Readily Reversible 
The MgATP-dependent intermediate formed during priming 
was  found to be unstable.  When primed semi-intact cells 
were incubated without MgATE their enhanced capacity for 
rapid MgATP-independent Ca2*-activated secretion was read- 
Table L Nucleotide Specificity and Protein Kinase Inhibitor 
Sensitivity of Priming 
Priming 
Percent of control 
Nucleotides* 
1 mM MgATP  100 
1 mMMgGTP  7  +4 
1 mMMgITP  0  +4 
1 mM MgCTP  -4  +  4 
Protein kinase inhibitors* 
none  100 
1 /~M lavendustin A  90  +  7 
100/~M genistein  26  +  5 
100/zM  H-7~  38  +  3 
0.3  #M  staurosporine  30  -1-  3 
0.5  ~tM K252a  87  +  8 
1.0 mM 6'-DMAPll  -11  +  2 
1.0 mM FSBA  -4  +  6 
* Priming incubations were carried out with rat brain cytosol and the indicated 
nucleotides. After priming, semi-intact cells were centrifuged and resuspended 
to remove the nucleotides, and Ca2+-activated secretion was determined with 
triggering reactions.  The difference in Ca2+-triggered  secretion from semi- 
intact cells primed in the absence of nucleotides (12%  NE release) and the 
presence of 1 mM MgATP (42%  NE release) was defined as 100%. 
* Priming incubations containing rat brain cytosol and 1 mM MgATP were 
carried out in the presence or absence of the indicated inhibitors. After prim- 
ing,  semi-intact cells  were  centrifuged and  resuspended twice  to  remove 
cytosol, MgATP, and inhibitors, and Ca2+-activated secretion was determined 
with triggering reactions. The difference in Ca2+-triggered secretion obtained 
with unprimed control semi-intact cells (14%  NE release) and primed semi- 
intact cells not exposed to inhibitors (37%  NE release) was defined as 100%. 
w See note on the structure of H-7 in Materials and Methods. 
II Negative priming values may represent the prevalence of depriming when 
MgATP-dependent priming is effectively blocked. 
ily lost. This reversal of  priming was termed "depriming7 In 
the experiment shown in Fig. 4  A,  semi-intact ceils were 
preincubated for 30 min under priming (￿9  or depriming 
(o) conditions. After 30 rain, both sets of cells were shifted 
to the other condition, and the preincubations were con- 
tinued for another 30 min. At various times during the prein- 
cubations,  semi-intact cells were tested in triggering reac- 
tions. The priming and depriming incubations were found to 
enhance and diminish, respectively, the rapid secretion trig- 
gered by  Ca  z+  and  cytosol.  These  results  indicated  that 
MgATP-dependent priming was readily reversible. 
It  was  important  to  further  estabfish  that  depriming 
specifically reversed the effects of  priming rather than gener- 
ally  reduced the  secretory capacity  of semi-intact  cells. 
Since priming had increased the MgATP-independence of 
secretion without affecting the final extent of optimal secre- 
tion (Fig.  1), depriming should also affect only the MgATP 
independence. Semi-intact cells from the experiment in Fig. 
4 A were tested in full-length 15-rain secretion incubations 
to determine their capacity for secretion with and without 
MgATP. In contrast to triggering reactions, the long incuba- 
tions  allowed secretion to proceed to its final extent.  As 
shown in Fig. 4  B, optimal Ca2+-activated  (,,,zx) secretion 
elicited by Ca  2+, MgATP, and cytosol was not markedly al- 
tered by priming and depriming incubations. In contrast, all 
of the MgATP-independent secretion was subject to regula- 
tion by the priming/depriming mechanism (Fig. 4  C, ￿9 
These results further indicated that depriming represents the 
reversal of MgATP-dependent priming. 
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Figure 4. Priming is readily reversible. Semi-intact cells were prepared as usual except that the incubation with metabolic inhibitors before 
permeabilization (see Materials and Methods) was omitted. Semi-intact cells were split into 2 groups: one group was preincubated under 
priming (Ael) conditions, the other under depriming (zxo[]) conditions. Depriming conditions were identical to those for priming, but 
lacked added MgATP. After 30 min, both groups of cells were chilled, centrifuged, resuspended, and switched to the other condition, 
and the preincubations were continued for another 30 min. At 10-min intervals during the preincubations, a portion of the semi-intact 
cells were centrifuged, resuspended, and distributed to 3-rain triggering incubations (A) or full-length 15-min secretion incubations (B 
and C), and NE secretion was determined. The 15-min secretion incubations used optimal Ca2+-activated (+ Ca  2+ +  MgATP +  Cyto) 
(Azx), MgATP-independent  Ca2+-activated  (+ Ca  2+ -  MgATP + Cyto) (co), or basal (- Ca  2+ -  MgATP -  Cyto) (,,el) secretion condi- 
tions, as defined in the legend to Fig. 1. The dramatic effect of depriming on NE secretion was found  to be at least partially dependent 
upon cytosol addition to the preincubations (not shown). 
Protein Kinase Inhibitors Block Priming 
The characteristics of the priming reaction were consistent 
with a reversible ATP-dependent modification such as pro- 
tein phosphorylation.  To determine whether priming and 
deprimi'ng  represent protein phosphorylation and dephos- 
phorylation, respectively, several general protein kinase and 
protein phosphatase inhibitors were tested. As shown in Ta- 
ble I, the following protein kinase inhibitors significantly in- 
hibited priming:  H-7  (Hidaka et al.,  1984),  staurosporine 
(Tamaoki et al., 1986; Nakano et al., 1987),  genistein (Ak- 
iyama et  al.,  1987),  6'-dimethylaminopurine (6'-DMAP) 
(Neant and Guerrier, 1988), and 5'-p-fluorosulfonylbenzoyl- 
adenosine (FSBA) (Colman, 1983). The results with kinase 
inhibitors are consistent with protein phosphorylation being 
required for MgATP-dependent priming. However,  the in- 
hibitory drugs interact with the ATP-binding site of protein 
kinases, hence the possibility that other ATP-binding pro- 
teins are inhibited seems at least equally likely. Additionally, 
the protein phosphatase inhibitors 1.2 #M okadaic acid (Bi- 
olojan and Takal,  1988;  Haystead, et al.,  1989),  25  mM 
potassium fluoride (Brautigan and Shfiner, 1988),  and 1.0 
mM orthovanadate (Swarup et al., 1982) failed to influence 
the  depriming  of primed  semi-intact  cells  (not  shown). 
These results render unlikely the involvement of numerous 
protein phosphatases in depriming. 
Priming and Triggering Require Distinct 
Cytosolic Proteins 
Both priming and triggering reactions were found to be de- 
pendent upon or stimulated by cytosolic factors (Fig.  5). 
Priming was strongly cytosol dependent since addition of 
cytosol to priming preincubations stimulated Ca2+-activated 
secretion during the triggering incubation by >100% (Fig. 5 
A, bar 3 vs 5). By comparison, the triggering reaction ap- 
peared to be less cytosol dependent (bar 4 vs 5). However, 
the triggering activity of cytosol required a primed inter- 
mediate since cytosol addition to triggering reactions using 
unprimed semi-intact cells failed to support Ca2+-activated 
NE release (bar 1 vs 2). 
As shown in Fig. 5 B, the triggering reaction required less 
cytosol than the priming reaction, indicating that priming 
factors were relatively more limiting in cytosol. In the ex- 
periment shown, half-maximal triggering was observed with 
•10  #g of cytosol protein, whereas half-maximal priming 
required ~35/zg. Previous findings indicated that the cyto- 
solic factors required for regulated secretion were proteins 
(Martin and Walent, 1989).  Cytosol priming and triggering 
activities were found to be thermolabile (see below) and 
were not affected by dialysis (not shown), consistent with a 
protein nature, 
Since priming and triggering reactions distinctively re- 
quired MgATP or Ca  2§  respectively, but not both, it seemed 
plausible that different cytosolic activities, and perhaps dis- 
tinct proteins, were operative in these stages. The thermola- 
bility of cytosol priming and triggering activities was ex- 
amined to test this suggestion. Incubations at above 49~ 
eliminated the priming and triggering activities of cytosol, 
indicating that priming and triggering were mediated by ther- 
molabile proteins (not shown). However, incubations at 40- 
49~  caused a greater loss of  priming activity than triggering 
activity. As shown in Fig. 6, the priming activity of cytosol 
was completely abolished by a 46"C pretreatment, whereas 
triggering activity was unaffected. These results demonstrated 
The  Journal  of  Cell  Biology,  Volume  119,  1992  144 A 
B 
50  :>-  100  -  . ..... ￿9 
J  ....... 
(D  ~  ~ 
80  ..."" 
~  1-/  -~  40  ,-, 
rr  E3  / 
ILl  _.'  ; 
Z  o  60  ,' 
=  30  _  0  , 
~o  E  40  - /  wl,,- 
N  ~  ) 
20  ~  20  ' 
0  o_ 
1  2  3  4  5  I~  I  l  I  I  I  I 
not  (3t -  25  50  75  1 O0  125  150 
"~  Priming  primed  +  + 
o 
(~  Triggering  -  +  +  + 
lag  Protein 
Figure 5. Cytosol dependence of priming and triggering. Using an optimally effective  amount of rat brain cytosol in one partial reaction, 
the effect of cytosol addition to the complementing partial reaction was determined. A shows the effect on NE secretion of omitting (-) 
or adding (+) a saturating amount of rat brain cytosol to priming (bar 3 vs 5) or triggering (bar 4 vs 5) incubations. Also shown is the 
effect  of  cytosol addition to triggering incubations  using unprimed semi-intact cells (bar I vs 2). B shows cytosol stimulation  of  NE secretion 
as a function of protein amount in priming (o) or triggering (m) reactions. Data expressed in A and B are from the same experiment. 
that priming and triggering were mediated by distinct ther- 
molabile protein activities. 
To determine the complexity and approximate molecular 
weights of priming and triggering factors, gel filtration of 
crude cytosol from two secretory tissues was conducted. As 
shown in Fig. 7, A-C,  gel-filtered bovine adrenal medulla 
cytosol contained several resolved functional activity peaks. 
Furthermore, priming activity peaks (Fig. 7 B) and trigger- 
ing activity peaks (Fig. 7 C) did not co-elute. Priming activ- 
ity was largely recovered in a peak at ~20 kD (Fig. 7 B, frac- 
tions 38 and 40), while the major peak of triggering activity 
was at 380 kD (fraction 14) with a minor peak of triggering 
activity at 37 kD (fraction 34). The results of Fig. 7, A-C in- 
dicated that in bovine adrenal medulla cytosol, partial reac- 
tions were stimulated by a limited number of factors which 
appeared to  support either priming or triggering, but not 
both. 
As shown in Fig. 7, D-F, the gel filtration profile for rat 
brain cytosol was somewhat more complex. Priming activity 
(Fig. 7 E) eluted in three peaks of ,~500 (fractions 10-14), 
120 (fraction 24), and 20 (fractions 38 and 40) kD. The elu- 
tion of triggering activity (Fig.  7 F) in brain cytosol was 
similar to that of  adrenal cytosol, except that an activity peak 
at 75 kD (fraction 28) was more prominent than the 37-kD 
(fraction 34) peak. With the exception of the highest molecu- 
lar weight species, priming and triggering factors in brain 
cytosol eluted distinctively, and hence probably represent 
distinct proteins. The apparent multiplicity of priming fac- 
tors  in brain  may account for the observation that brain 
cytosol was more effective in priming than adrenal cytosol 
(not shown). 
It was of interest to determine whether the sequential ac- 
tion of two stage-specific factors could reconstitute Ca  2+- 
activated NE secretion in semi-intact PC12 cells. As shown 
in Fig. 8, sequential incubation with the 20-kD priming fac- 
tor from adrenal (Fig. 7 B, fraction 40) and the 380-kD trig- 
gering factor from adrenal (Fig. 7 C, fraction 14) supported 
Ca~+-activated NE  secretion almost as  fully as  rat brain 
cytosol. However, when used in the reverse order, the stage- 
specific factors supported approximately as little secretion as 
expected for the complete omission of cytosolic proteins. 
Preliminary Characterization of  Priming and 
Triggering Factors from Rat Brain Cytosol 
To further distinguish priming and triggering factors, we 
demonstrated that purification enriched for stage-specific ac- 
tivity. Priming activity in rat brain cytosol was fractionated 
by  three  chromatographic  steps,  resulting  in  a  partially 
purified priming factor of 20 kD (see Materials and Meth- 
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Figure 6. Cytosol priming and triggering activities have different 
thermolabilities.  Rat brain cytosol was incubated at 46~  for 15 
rain to denature thermolabile proteins. Stimulation of NE secretion 
by the partially denatured cytosol was determined as a function of 
protein amount in priming (o) or triggering (I) incubations, using 
an optimally  effective amount of untreated  cytosol in the com- 
plementing  partial  reactions.  Untreated  cytosol was maximally 
effective in both priming and triggering reactions at 200 #g (not 
shown). For this experiment, inclusion of a saturating amount of 
control cytosol in both partial reactions resulted in 44% NE re- 
lease;  omission of cytosol from priming  or triggering  reactions 
resulted in 20 and 24% release, respectively. 
ods). As shown in Fig. 9 A, this fraction contained priming 
activity (o) that was enriched relative to cytosol (compare 
Figs. 9 A and 5 B), but lacked significant triggering activity 
(=).  Although  the  specific activity  of this  priming  factor 
was increased relative to cytosol, the maximal activity had 
decreased. This could be explained by the fact that brain con- 
tains several priming factors, none of which alone provided 
the complete activity of cytosol (not shown). 
p145,  a novel 290-kD brain protein consisting largely of 
a dimer of 145-kD subunits has been purified based on its 
ability to reconstitute MgATP-dependent Ca2+-activated  NE 
secretion from semi-intact PC12 ceils (Walent et al., 1992). 
A partially purified p145 fraction, corresponding to the third 
step in  its purification  (see Materials  and Methods),  was 
tested for priming and triggering activity. As shown in Fig. 
9 B, the p145-contalning fraction had maximal triggering ac- 
tivity  (s)  and  virtually  no priming  activity  (o).  Further- 
more,  the triggering  activity was enriched  in comparison 
with cytosol (compare Figs. 9 B and 5 B). The triggering ac- 
tivity of p145 was only apparent  when it was tested with 
primed semi-intact cells (not shown). 
These results indicate that partially purified priming and 
triggering  factors exhibit one but not both activities, rein- 
forcing the conclusion that distinct cytosolic proteins medi- 
ate the two partial reactions. 
Discussion 
Resolution of  Ca2§  Secretion 
into Two Biochemically Distinguishable 
Partial Reactions 
In  these  studies,  MgATP-dependent  Ca:+-activated  secre- 
tion from semi-intact PC12 cells was resolved into two dis- 
tinct stages. The first stage, priming, was MgATP dependent 
and  Ca  2+ independent.  The  second  stage,  triggering,  was 
Ca  2§  dependent  and  MgATP  independent.  Since  priming 
and triggering had distinct, nonoverlapping requirements for 
MgATP or Ca  2+, each partial reaction could be separately 
studied to identify additional molecular requirements. Prim- 
ing and triggering  may represent the production  and con- 
sumption,  respectively, of a  key MgATP-dependent  inter- 
mediate in the regulated secretory pathway~ The intermediate 
is presumed to accumulate during priming because EGTA 
blocked its  Ca2+-dependent  consumption.  Addition  of ex- 
cess free Ca  :+ during  triggering  would allow passage be- 
yond the accumulation point to the completion of exocytosis. 
Our results  are consistent with  several previous studies 
which indicated that ATP acts before Ca  2+ in the regulated 
secretory  pathway.  A  study  with  digitonin-permeabilized 
chromaflin cells (Holz et al.,  1989) found that preincuba- 
dons  in  the  absence  of  Ca  2+  resulted  in  the  loss  of a 
"~rimed" state required for rapid MgATP-independent secre- 
tion.  Inclusion  of MgATP in the  preincubations  partially 
maintained the primed state, perhaps by sustaining a labile 
MgATP-dependent intermediate. Howell et al. (1989) found 
that triggered exocytosis from streptolysin-O-permeabilized 
mast cells did not require ATP unless the cells were previ- 
ously preincubated in its absence. Their interpretation  was 
that ATP primed the response system, but was not required 
for Ca  2+- and  GTPTS-triggered  events.  In  sea urchin  egg 
cortical fragments, ATP appeared to maintain secretory re- 
sponsiveness, but was not required for Ca2+-triggered  exo- 
cytosis per se (Baker and Whitaker,  1978). In addition,  it 
was recently reported that the presence of ATP during the 
isolation of Paramecium cortical preparations increased sub- 
sequent exocytotic responsiveness (Lumpert et al.,  1990). 
This confirmed previous indications  that ATP may have a 
priming role in trichocyst discharge (Vilmart-Seuwen et al., 
1986). 
An important point of agreement between our results and 
those mentioned above is the apparent lability of the MgATP- 
dependent intermediate.  In each case, the primed state was 
readily  lost  upon  incubation  in  the  absence  of ATP  and 
Ca~+; we termed this effect "depriming" (Fig. 4).  Since the 
apparent loss of the primed state was itself reversed by prim- 
ing,  it seems likely that priming  and  depriming  represent 
directly  opposing  reactions  which  generate  or  dissipate, 
respectively, the primed intermediate. 
The  major  component  of  Ca2+-activated  secretion  in 
semi-intact PC12 cells was found to require MgATP. The 
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Figure 7. Resolution of cytosolic priming and triggering factors by gel filtration chromatography. Bovine adrenal medulla (A-C) and rat 
brain (D-F) cytosols were gel filtered, and individual column fractions were tested for UV absorbance  (A and D), priming activity (B 
and E), and triggering activity (C and F). To test stimulation of NE secretion by column fractions, rat brain cytosol was used in the com- 
plementing partial reactions. The volumes of column fractions tested in priming and triggering incubations were 140 and 2/~1, respectively, 
for adrenal cytosol, and 25 and 25/~1, respectively, for brain cytosol. The distinct elutions of priming and triggering activities were evident 
over a wide range of tested volumes and degrees of stimulation (not shown). Elution positions of calibration markers are indicated by the 
arrows: Vo, dextran (2,000 kD); a, urease (540 kD); b, apoferritin (443 kD); c,/~ amylase (200 kD); d, catalase  (240 kD); e, alcohol 
dehydrogenase (150 kD); f, phosphorylase  B (97 kD);  g, BSA (68 kD); h, ovalbumin (45 kD); i, carbonic anhydrase (29 kD); and j, 
cytochrome C (12.4 kD).  For the data shown in B and  C, inclusion of a saturating amount of control  cytosol in both partial  reactions 
resulted in 50% NE release;  omission of cytosol from priming or triggering reactions resulted in 21 and 32% release,  respectively. For 
the experiment  shown in E and F, the respective release values were 58, 26, and 34%. 
MgATP requirement appeared to reside exclusively with the 
priming reaction,  as demonstrated using hexokinase (Fig. 
3). However, we cannot exclude the possibility that MgATP 
has additional roles in secretion which are not evident under 
the conditions of either partial reaction. For example, an ad- 
ditional  event  might  occur  before  or  concomitant  with 
Ca2+-triggered exocytosis, and require both Ca  2§ and ATP. 
We  were  unable  to  fully  evaluate  this  latter  possibility. 
Ca2+-activated secretion from fully primed semi-intact cells 
was stimulated to a small extent by inclusion of MgATP (Fig. 
1). This might result either from an additional late-stage role 
for MgATP, or from continuing priming which counteracts 
the depriming that inevitably occurs during triggering incu- 
bations in the absence of MgATP. 
Distinct Cytosolic Proteins Mediate Sequential 
Partial Reactions 
Although previous studies provided evidence that ATP acts 
before Ca  2§ in the regulated secretory pathway (see above), 
they did not identify a requirement for cytoplasmic proteins 
in these sequential steps. In contrast, we were able to iden- 
tify soluble protein requirements  for the distinct  MgATP- 
dependent  priming  and  Ca2*-triggered  steps.  Unlike  per- 
meabilization by other methods, "cell cracking" allows the 
relatively complete depletion and reconstitution of cells with 
soluble cytoplasmic molecules (Martin,  1989;  Martin and 
Walent, 1989). Since we were able to deplete the semi-intact 
cells of soluble proteins before both partial reactions, the re- 
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Figure 8. Two stage-specific cytosol fractions can effectively recon- 
stitute priming and triggering. Priming and triggering incubations 
were carried out using either unfractionated rat brain cytosol or bo- 
vine adrenal fractions which possessed stage-specific activity in the 
experiment  shown in Fig. 7, A-C. NE secretion was determined 
using the  following combinations  of cytosol fractions:  first bar, 
saturating rat brain cytosol in both partial reactions; second bar, 
140/~1 of fraction 40 for priming and 50 #1 of fraction 14 for trigger- 
ing; third bar, 140 #1 of fraction 14 for priming and 50 #1 of fraction 
40 for triggering. 
quirements  for  the  reconstitution  of both  steps  could be 
characterized. 
The results established several important  features of the 
requirements  for cytosolic proteins in priming and trigger- 
ing. First, both priming and triggering were dependent upon 
or stimulated by cytosolic proteins (Fig. 5). Triggering ap- 
peared to depend less completely upon cytosol factors than 
priming. The basis for such differences is unclear at the pres- 
ent time. Triggering may be partially supported by the activ- 
ity of membrane- or cytoskeletai-associated counterparts to 
the identified cytosolic triggering  factors. 
Second,  the priming  and triggering  activities of cytosol 
were functionally distinct and mediated by separate proteins. 
Since priming and triggering conditions differed with respect 
to MgATP and Ca  2+, it seemed likely that the cytosolic fac- 
tors involved in each step participate in different types of bio- 
chemical  reactions.  The  distinctness  of cytosolic priming 
and triggering  activities was indicated by their differential 
thermolability (Fig. 6).  Moreover,  stage-specific factors in 
cytosol were resolved chromatographically (Fig. 7), indicat- 
ing that priming and triggering activities reside with distinct 
proteins. Two partially purified brain factors were shown to 
be enriched for stage-specific activity, one for priming,  the 
other for triggering (Fig. 9). The fact that priming and trig- 
gering factors are distinct suggests the possibility that these 
factors  participate  directly  in  the  distinct  MgATP-  and 
Ca2+-dependent  events. 
Third,  a limited number of cytosolic factors appeared to 
support the partial  reactions.  Chromatographic  profiles of 
cytosolic priming and triggering factors were about as com- 
plex as those of intra-Golgi  transport  factors  (Wattenberg 
and Rothman, 1986). Gel-filtered rat brain cytosol contained 
three priming factor peaks with equal activity (Fig. 7 E), and 
three triggering  factor peaks,  two of which were not well 
resolved (Fig. 7 F). Bovine adrenal medulla cytosol was less 
complex, with only one major priming and two major trig- 
gering factor peaks (Fig.  7, B and  C). 
This work classifies the active components in cytosol into 
two categories,  priming  factors and triggering  factors,  the 
sequential  actions  of which  are  sufficient  to  reconstitute 
MgATP-dependent  Ca2+-activated  secretion.  Although  two 
stage-specific  factors  were  sufficient to  support regulated 
secretion  (Fig.  8),  several  peaks  of each  type  of stage- 
specific activity were resolved by gel filtration. The multiple 
peaks for a given activity may represent distinct but function- 
ally  redundant  cytosolic proteins.  Alternatively,  the mul- 
tiplicity of peaks for a given activity may be explained by 
complexes of a single active species with other cytosolic pro- 
teins. However, we cannot eliminate the possibility that mul- 
tiple peaks of activity arose artifactually as the result of pro- 
teolysis, aggregation, anomalous gel filtration, or overlapped 
elution with inhibitory  factors. 
It is possible that one or more essential cytosolic proteins 
were not detected in our studies, since regulated secretion in 
semi-intact cells may be supported in part by cytoskeletal or 
membrane-associated  counterparts  to proteins  which  also 
exist in the cytosol. Hence, the back addition of certain es- 
sential cytosolic proteins may not be rate limiting, and these 
proteins would not be detected in either partial  reaction. 
Molecular Identifies of Priming and Triggering Factors 
The molecular identities of the soluble proteins which medi- 
ate priming and triggering events have not been fully estab- 
lished.  Future  studies  should  clarify  the  relationship  be- 
tween these proteins  and several cytoplasmic  (or partially 
cytoplasmic)  proteins  previously  implicated  in  secretion 
(reviewed  by  Burgoyne,  1991).  Addition  of calpactin  to 
digitonin-permeabilized chromaffin cells was reported to re- 
tard the loss of secretory responsiveness accompanying the 
gradual washout of cytoplasmic proteiw (Ali et al.,  1989). 
In the present study, a 37-kD triggering  factor peak (most 
prominent in adrenal;  Fig. 7 C, fraction 34) was identified 
which is similar in size to calpactin heavy chain, p36. How- 
ever, it is unlikely that this peak corresponds to p36,  since 
purified  lung  calpactin  or p36  do  not  stimulate  priming, 
triggering,  or  overall  secretion  in  semi-intact  PC12  cells 
(T. E J. Martin and J. Kowalchyk, unpublished observations). 
The  relevance  of  calpactin  to  the  functional  activity  of 
cytosol has also recently been questioned by other studies 
(Wu and Wagner,  1991;  Walent et al.,  1992). 
Recently  a  ~30-kD  protein  from  brain  cytosol  was 
purified based upon its ability to retard secretory run-down 
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Figure 9. Partially purified cytosolic factors are enriched for stage-specific  activity.  A shows  stimulation of NE secretion by a 20-kD priming 
factor as a function of protein amount in priming (o) or triggering (m) incubations, using a maximally effective amount of fraction 14 
(Fig. 7 C) or rat brain cyt  osol, respectively,  in the complementing  partial reactions. B shows  stimulation  of  NE secretion by partially purified 
p145 as a function of protein amount in priming ((9) or triggering (m) incubations, using a maximally effective  amount of rat brain cytosol 
in the complementing  partial reactions. For the experiment in A, inclusion of  a saturating amount of  control cytosol in both partial reactions 
resulted in 52% NE release; omission of cytosol from priming or triggering reactions resulted in 22 and 32% release, respectively. For 
the experiment shown in B, the respective release values were 51,  18, and 30%. 
in  digitonin-permeabilized chromaflin cells  (Morgan  and 
Burgoyne, 1992).  The role of this protein, termed Exol, and 
an additional unpurified component, termed Exo2, in Ca  2+- 
activated secretion remains unknown. Gel filtration of Exol 
and Exo2 suggested native sizes  of 70 and 44 kD,  respec- 
tively (Morgan and Burgoyne,  1992),  which are perhaps 
compatible with triggering activity peaks at 75 and 37 kD 
(Fig. 7, C and F,, fractions 28 and 34). However, Morgan and 
Burgoyne (1992) reported that the ability of cytosol (and pre- 
sumably the Exo proteins) to retard secretory run-down was 
N-ethylmaleimide (NEM) sensitive. In contrast, the priming 
and triggering activities of cytosol and all cytosolic factors 
detected in this work were NEM-insensitive (not shown; 10 
mM NEM, 15 min, 0~  More specific reagents will be re- 
quired to  establish the relationship of Exol  and Exo2 to 
priming and triggering factors. 
One described protein whose role in the partial reactions 
appears established is p145, purified from rat brain cytosOl 
based on its ability to reconstitute MgATP-dependent Ca  2+- 
activated NE secretion from semi-intact PC12 cells (Walent 
et al.,  1992).  Native p145  consists largely of a  "~290-kD 
dimer of 145-kD subunits, but trimers and tetramers are also 
present; these species are not resolved by Superose  12 gel 
filtration. A partially purified brain p145 fraction was found 
to be enriched for triggering activity and devoid of priming 
activity (Fig. 9 B). Furthermore, the high molecular weight 
(,'~380 kD) triggering factor detected in gel-filtered cytosol 
(Fig.  7,  C  and  E  fraction  14)  co-eluted  with  p145  im- 
munoreactivity (not shown),  indicating that p145  and the 
high molecular weight triggering factor are likely identical. 
p145 was previously shown to be the major cytosolic factor 
responsible for reconstituting regulated secretion in semi- 
intact PC12 cells (Walent et al., 1992) and the present results 
suggest that it is the major triggering factor. 
Previous studies have implicated protein phosphorylation 
in the control of Ca2+-activated secretion (Lee and Holz, 
1986;  Wagner  and  Vu,  1989, 1990).  MgATP-dependent 
priming  might consist  of protein  phosphorylation which 
regulates the activity of key membrane or cytoskeletal pro- 
teins involved in secretory granule transport, targeting, or 
fusion. The results with several general protein kinase inhib- 
itors (Table I) are compatible with a requirement for protein 
phosphorylation in priming. A major limitation of  the inhibi- 
tor data, however, is the possibility that the inhibitors affect 
other ATP-dependent proteins by virtue of their action at 
ATP-binding  sites.  One  class  of ATP-dependent proteins 
which might be inhibited by the drugs, and also may have a 
required  role  in  MgATP-dependent  Ca2+-activated  secre- 
tion,  are  the phosphoinositide kinases.  A  correlation be- 
tween polyphosphoinositide levels and the primed state has 
been reported (Eberhard et al., 1990).  Priming could repre- 
sent an increase in the abundance of polyphosphoinositides 
required to mediate associations between membranes and 
key fusion proteins.  A  role  for other ATP-dependent en- 
zymes in priming cannot be eliminated by the existing data. 
Protein kinase C  is commonly cited for its stimulatory 
influence  on  Ca2+-activated  secretion  in  diverse  systems 
(Kikkawa and Nishizuka,  1986;  Ben-Shlomo et al.,  1991). 
Wagner and Vu (1989; 1990) provided evidence that MgATP- 
dependent Ca2+-activated NE secretion in digitonin-perme- 
abilized  PC12  cells  may  be  regulated by an  unspecified 
Ca2§  protein kinase. We note that protein kinase 
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likely to be an essential  requirement for Ca2+-activated se- 
cretion since the reaction conditions for priming and trigger- 
ing  exclude  an  activity  which  is  both  ATP  and  Ca  2+ 
dependent.  However, recent studies have identified a modu- 
latory role for protein kinase C since this enzyme does ap- 
pear to regulate the activity of essential proteins required for 
triggering  and  possibly priming  (Nishizaki  et al.,  1992; 
Waient et al.,  1992). 
An unidentified GTP-binding  protein has been implicated 
in the control of regulated exocytosis based upon the striking 
stimulatory effects of GTP analogs  in permeabilized cells 
(reviewed by Gomperts, 1990). A requirement for small mo- 
lecular weight  GTP-binding  proteins has been well estab- 
lished for earlier steps of the secretory pathway (reviewed by 
Rothman and Orei, 1992), and for the fusion of constitutive 
vesicles with the plasma membrane (Saiminen and Novick, 
1987). In light of the apparent  universality  of GTP-binding 
proteins in membrane trafficking events, it seemed plausible 
that one or more of the soluble factors detected in the present 
study may be a GTP-binding protein or a protein which regu- 
lates their activity. However, we have been unable to obtain 
evidence for the involvement  of a GTP-binding  protein in 
priming or triggering using GTP or its analogs (not shown). 
The function of GTP-binding proteins in this system may re- 
quire less than one full cycle of guanine nucleotide exchange 
and  hydrolysis,  and  sufficient  GTP  may  be  present  en- 
dogenously in semi-intact  cells or added cytosolic proteins 
to preclude detecting a requirement for the nucleotide.  Alter- 
natively,  the existence of a bona fide  ATP-dependent  step 
along with the capacity to generate GTP might mask a GTP 
corequlrement  in this system. 
Relationship of  Priming and Triggering  Factors to 
Components of the Constitutive  Secretory  Pathway 
It is not known to what degree, if any, the events and compo- 
nents required for the regulated pathway are similar to those 
for constitutive exocytosis. Post-Golgi events in the constitu- 
tive pathway are ATP and cytosol dependent but do not ap- 
pear  to  require  intracellular  Ca  2+  (Helms  et  al.,  1990; 
Miller and Moore, 1991). Since MgATP-dependent priming 
is independent  of Ca2+-triggered events, the priming factors 
identified  by our assay might  also function  in constitutive 
exocytosis.  Although  hepatic  cells exhibit  a highly  active 
constitutive secretory pathway, the secretion of liver proteins 
is  not  known  to  be  Ca  2+  regulated.  Nevertheless,  liver 
cytosol contains  a  priming  factor  with  chromatographic 
properties very similar to those of the 20-kD factor in brain 
and adrenal  medulla,  consistent with a possible role in the 
constitutive  pathway  (our own unpublished observations). 
Further studies  will be required to determine whether the 
cytosolic factors mediating  priming  in  regulated  systems 
have a similar  function in constitutive  secretion. 
Cytosolic proteins  which support Ca  2+ triggering  seem 
less likely to perform a common function in both regulated 
and constitutive secretion, since their stage-specific function 
requires  elevated  intracellular  Ca  2§  Furthermore,  the ex- 
pression of the p145 protein, apparently  the major cytosol 
factor mediating  Ca  ~+ triggering,  is limit~i to tissues spe- 
cialized  for regulated  secretion (Walent et ai.,  1992). 
We  have  dissected  the  process  of  MgATP-dependent 
Ca2+-activated secretion  into  two  sequential  partial  reac- 
tions, each involving a subset of the biochemical events re- 
quired for regulated  secretion.  Further characterization  of 
the  soluble proteins  which  mediate  the  partial  reactions 
should help to clarify the nature  of these events. 
This work was supported by the National Institutes of Health grants DK 
40428 and T32 GM07215. 
Received for publication 28 April 1992 and in revised form 29 June 1992. 
References 
Akiyama, T., J. Ishida, S. Nakagawa, H. Ogawara, S. Watanabe, N. Itoh, M. 
Shibuya, and Y. Fukami. 1987. Genistein, a specific inhibitor of tyrosine- 
specific protein kinases. J.  Biol. Chem. 262:5592-5595. 
All, S. M., M. L  Geisow, and R. D. Burgoyne. 1989.  A role for calpactin in 
calcium-dependent exocytosis in adrenal ehromaffin cells. Nature  (Lond.). 
340:313-315. 
Baker, P, F., and M. J. Whitaker,  1978. Influence of ATP and calcium on the 
cortical  reaction in sea urchin eggs. Nature  (Lond.). 276:513-515. 
Baker, D., L. Hicke, M. Rexaeh, M. Schleyer, and R. Sebekman. 1988. Recon- 
stitution of SEC gene product-dependent intercompartmental protein trans- 
port.  Cell. 54:335-344. 
Balch, W. E., W. G. Dunphy, W. A. Braell, and J. E. Rothman. 1984. Recon- 
stitution of the transport of protein between successive  compartments of the 
Golgi measured by the coupled incorporation of N-acetylglucosamine. Cell. 
39:405-416. 
Beckers, C. J. M., D. S. Keller, and W. E. Balch. 1987. Semi-intact cells per- 
meable to macromolecules: use in reconstitution of protein transport from 
the endoplasmic reticulum to the Goigi complex. Cell. 50:523-534. 
Ben-Shlomo, H.,  O.  Sigmund, S.  Stabel,  N.  Reiss,  and  Z.  Naor.  1991. 
Preferential  release of catecholamine from permeabilized PC12  cells by 
~- and a-type protein kinase C  subspecies. Biochem. d.  280:65-69. 
Bialojan,  C., and A. Takal. 1988.  Inhibitory effect of a marine-sponge toxin, 
okadalc  acid, on protein phosphatases. Biochem.  J.  256:283-290. 
Braell,  W. E.  1987.  Fusion between endocytic  vesicles in a cell-free system. 
Proc. Natl. Acad.  Sci. USA. 84:1137-1141. 
Brautigan, D. L., and I. Shriner.  1988. Methods to distinguish various types 
of protein phosphatase activity. Methods Enzymol.  159:339-346. 
Burgoyne, R. D. 1991. Control of exocytosis in adrenal chromaffin cells. Bio- 
chim. Biophys. Acta. 1071:174-202. 
Colman, R. F.  1983.  Affinity labeling of purine nucleotide sites in proteins. 
Ann. Rev. Biochem. 52:67-91. 
Dunn, L. A., and R. W. Holz. 1983. Catecholamine secretion from digitonin- 
treated adrenal medullary chromaffin cells, d. Biol. Chem. 258:4989-4993. 
Eberhard, D. A., C. L. Cooper, M. G. Low, and R. W. Holz. 1990, Evidence 
that the inositol phospholipids are necessary for exocytosis. Biochem. J. 
268:15-25. 
Gomperts, B.  D.  1990.  Gs:  A  GTP-binding protein mediating exccytosis. 
Anna. Rev. Physiol.  52:591-606. 
Haystead, T. A. J., A. T. R. Sire,  D. Carling, R. C. Honaor, Y. Tsukitani, 
P. Cohen, and D. G. Hardie. 1989.  Effects of the tumour promoter okadeic 
acid  on  intracellular  protein  phosphorylation  and  metabolism.  Nature 
(Lond.).  337:78-81. 
Helms, J. B., A. Karrenbauer, K. W. A. Wirtz, J. E. Rothman, and F. T. Wie- 
land.  1990. Reconstitution of steps in the constitutive secretory pathway in 
permeabilized cells. J.  Biol. Chem. 265:20027-20032. 
Hidaka, H., M. Inagaki, S. Kawamoto, and Y. Sasaki. 1984.  Isoqulnolinesul- 
fonamides, novel and potent inhihitors of cyclic nucleotide dependent protein 
ldnase and protein kinase C.  1984.  Biochemistry.  23:5036-5041. 
Holz, R. W., M. A. Birmer, S. C. Peppers, R. A. Senter, and D. A. Eberhard. 
1989.  MgATP-independent and MgATP-dependent exocytosis, d.  Biol. 
Chem. 264:5412-5419. 
Howell, T. W., L M. Kramer, andB. D. Gomperts. 1989. Protein phosphoryla- 
tion and the dependence on Ca  2+ and GTP-y-S for exocytosis from perme- 
abilised mast cells. Cellular Signalling.  1:157-163. 
Kikkawa, U., and Y. Nishizuka. 1986.  The role of protein kinase C in trans- 
membrane signalling. Annu. Rev.  Cell Biol. 2:149-178. 
Lee, S. A., and R. W. Holz.  1986.  Protein phosphorylation and secretion in 
digitonin-permeabilized adrenal  chromaffin cells.  J.  Biol. Chem. 261: 
17089-17098. 
Lonmeth, R., T. F. J. Martin, and B. R. DasGupta.  1991.  Botulinum neu- 
rotoxin light chain inhibits norepinephrine secretion in PC12 cells at an intra- 
cellular membranous or cytoskeletal  site. J.  Neurochem.  57:1413-1421. 
Lumpert, C. J., H. Kersken, and H. Platmer.  1990.  Cell surface complexes 
('cortices') isolated from Paramecium tetraurelia cells as a model system  for 
amdysing  exocytosis  in vitro in conjunction with microinjection studies. Bio- 
chem. J.  269:639-645. 
Martin, T. F. J.  1989. Cell cracking: permeabilizing cells to macromolecular 
probes. Methods.  EnDrmol. 168:225-233. 
The Journal of Cell Biology, Volume 119,  1992  150 Martin, T. F. J., and J. H. Walent. 1989. A new method for cell permeabiliza- 
tion reveals a cytosolic protein requirement for Ca2+-activated secretion in 
GH3 pituitary  cells. J.  Biol.  Chem.  264:10299-10308. 
Miller, S. G., and H.-P. H. Moore. 1991. Reconstitotion of constitutive  secre- 
tion using semi-intact  cells: regulation by GTP but not calcium. J. Cell Biol. 
112:39--54. 
Morgan, M., and R. D. Burgoyne.  1992. Exol and Exo2 proteins stimulate 
calcium-dependent  exocytosis  in permeabilized  adrenal chromaffin cells. Na- 
ture (Lond.).  355:833-836. 
Nakano, H., E. Kobayashi, I. Takahashi,  T. Tamaoki,  Y. Kuzuu, and H. Iba. 
1987. Staurosporine  inhibits tyrosine-specific protein kinase activity of rous 
sarcoma virus Ueansformin~  protein p60. J. Antibiot.  40:706-708. 
Neant, I., and P. Cmerrier. 1988.6-dimethylaminopurine blocks starfish oocyte 
maturation  by inhibiting  a relevant protein kinase activity.  Exp.  Cell Res. 
176:68-79. 
Nishizaki,  T., J. H. Walent, J. A. Kowalchyk, and T. F. J. Martin. 1992. A 
key role for a 145 kD cytosofic protein in the stimulation of Ca2+-dependent 
secretion by protein )dnase C. J. Biol.  Chem. In press. 
Ronnin  8, S. A., and T. F. J. Martin.  1985. Prolactin secretion in permeable 
GH3 pituitary  cells is stimulated  by Ca  2+ and protein kinase C activators. 
Biochem.  Biophys.  Res.  Commun.  130:524-532. 
Rothman, J. E., and L. Orci. 1992. Molecular dissection of the secretory path- 
way. Nature (Lond.).  355:409--415. 
Ruohola,  H., A. K. Kabcenell, and S. Ferro-Novick. 1988. Reconstitution  of 
protein transport from the eodoplasmic reticulum  to the Golgi complex in 
yeast: the acceptor Golgi compartment is defective in the sec23 mutant. J. 
Cell Biol.  107:1465-1476. 
Salminen, A., and P. J. Novick.  1987. A ras-like protein is required for a post- 
Oolgi event in yeast secretion.  Cell.  49:527-538. 
Sarafian, T., D. Aunis, and M.-F. Bader. 1987. Loss of  proteins from digitonin- 
permeabilized adrenal  chromaffin  cells essential  for exocytosis. J.  Biol. 
Chem. 262:16671-16676. 
Sarafian, T., L.-A. Pradel, J.-P. Henry, D. Aunis, and M.-F. Bader. 1991. The 
participation  of annexin 11 (calpeotin  I) in calcium-evoked  exocymsis re- 
quires protein Vmase C. J.  Cell Biol.  114:1135-1147. 
Swamp, G.,  S.  Cohen, and D.  L. Gathers.  1982.  Inhibition of membrane 
phosphotyrosyl-protein phosphataso  activity  by vanadate.  Biochem.  Bio- 
phys. Res.  Commun.  107:1104-1109. 
T~ki,  T., H. Nomoto, I. Takahmthi~ y. Kato, M. Morimoto, slid F. Tomita. 
1986.  Stanrosporine,  a  petent inhibitor of phospholipid/Ca  2+ dependent 
protein kinase. Biochent Biophys. Res.  Commun.  135:397-402. 
Vilmart-Seuwen,  J., H. Keraken, R. Stflrzl, and H. Plattner. 1986. ATP keeps 
exocytosis sites in a primed state but is not required for membrane fusion: 
an  analysis  with Paramecium  cells  in  vivo and  in  vitro.  J.  Cell Biol. 
103:1279-1288. 
Wagner,  P.  D.,  and  N.-D.  Vu.  1989.  Thiophosphorylafion  causes Ca  2+- 
independent norepinephrine secretion from permeabilized PC12 cells. J. 
Biol.  Chem.  264:19614-19620. 
Wagner, P. D., and N.-D. Vu. 1990. Regulation of norapinephrine secretion 
in permeabilized PCI2 cells by Ca2+-stimulated phosphoryintinn.  J. B/o/. 
Chem. 265:10352-10357. 
Walent, J. H., B. W. Porter, and T. F. J. Martin. 1992. A novel 145 kD brain 
cytosolic protein reconstitutes  Ca2+-reguinted secretion in permeable neu- 
roendocrine cells. Cell.  70:765-775. 
Wattenberg, B. W., and J. E. Rothman  1986. Multiple cytosofic components 
promote intra-Golgi  protein transport.  J. Biol.  Chem.  261:2208-2213. 
Wattenberg, B. W., W. E. Balch, and J. E. Rotbuum.  1986. A novel prefoalon 
complex formed during protein transport between Golgi cisternae in a cell- 
free system. J. Biol.  Chem.  261:2202-2207. 
Wilson,  S.  P.,  and  N.  Kirahner.  1983. Calcium-evoked  secretion  from 
digitonin-permeabillzed  adrenal medullary chromaltin cells. J. Biol.  Chem. 
258:4994-5000. 
Wu, Y. N., and P. D. Wagner. 1991. Calpectin-depleted  cytosolic proteins re- 
store Ca2+-dependent secretion to digitonin-permeabilizod  bovine chromaf- 
fin cells. FEBS (Fed. Eur.  Biochem.  Soc.) Len. 282:197-199. 
Hay and Martin Sequential Stages in Calcium-activated  Secretion  151 